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Abstract – Intensified growth of wind power generation 
emphasizes the need for detailed evaluation of disturbances 
caused by wind generators. The paper presents a physical 
model of doubly fed induction generator (DFIG) connected 
to low voltage distribution grid. Harmonic distortions 
caused by wind generator under various operational 
conditions regarding wind speed, active and reactive power 
have been investigated. Fourier transform, ESPRIT and 
Prony analysis have been applied simultaneously to 
evaluate distortion levels. 
Keywords: wind turbine, doubly feed induction 
generator, power quality, Prony method, ESPRIT  
1 INTRODUCTION 
Wind generation is one of the most mature and cost 
effective resources among different renewably energy 
technologies [1]. Further intensification of wind farms 
proliferation into electric systems is supported by 
ecologists and governments. The target of European 
Community is to increase the share of renewable energy 
resources to 22% by 2010 [2]. 
A forward-looking energy supply policy implies the 
use of wind turbines with good grid compatibility and 
measures for grid reinforcement as well [3]. The quality 
of energy supply and compatibility issues underlay 
standardization. Power quality criteria defined in various 
standards [4], [5] are not only important from the 
technical point of view. Also the deregulated energy 
market forces high quality of electricity supply and 
reliability [6], [7]. 
Utilities have developed interconnection 
requirements to which new wind generators must abide 
[9]. Stricter requirements demanding accurate reactive 
power control and voltage regulation capability has led 
to the integration of power electronic converter in many 
of wind generator designs [8]. This allows better control 
of the generator in terms of reactive power control and 
also limited control of real power characteristics. 
There are various design concepts which allow 
fulfillment of those requirements [3]. Examples are 
conversion systems with synchronous generator (with 
exciter and permanent magnet) and converter-inverter 
units. Additionally, there are short circuit rotor 
asynchronous machines also with converter-inverter 
units or asynchronous machines with static 
compensators [10].  
One of the popular and efficient designs is the doubly 
fed induction generator DFIG [3]. 
The DFIG allows the regulation of reactive power 
and the adjustment of angular velocity to maximize the 
output power by given wind speeds. The generator can 
also stay connected to the grid during voltage sags. 
However, one of the drawbacks is current with 
harmonic content introduced into the system [11]. The 
purpose of the paper is the evaluation of harmonic 
distortion in various operation conditions of the DFIG. 
Prony method and ESPRIT algorithm were applied to 
get information on harmonics parameters. It was 
assumed that those advanced methods could give more 
detailed information, then using traditional FFT. 
The laboratory model of DFIG allowed quite free 
regulation of active and reactive power and angular 
velocity of the shaft. The interest was focused on the 
harmonics generated by DFIG. Due to restrictions 
imposed by utilities on wind park operators it is difficult 
to run such research activity on real object within 
widespread range of parameters changes in acceptably 
short time. 
Firstly, the physical, grid connected model consisting 
of induction generator, direct converter, DC machine 
and control unit is introduced. Secondly, the Prony 
method and ESPRIT algorithms are presented. Then, the 
measurement procedure and assessment of grid 
parameters follow. Current measurements and 
harmonics estimation results are finally presented and 
discussed. 
2 MODEL OF DOUBLY FED INDUCTION 
GENERATOR 
Simplified model of DFIG is shown in Fig.1. The 
rotor of induction machine is connected to the grid with 
a back-to-back voltage source converter which controls 
the excitation system. This most significant feature 
enables sub synchronous and super synchronous 
operation speeds in generator mode and adjustable 
reactive power generation. Model components are 
shortly characterized below. 
2.1 Grid 
The generator was connected to a three phase low 
voltage distribution grid. In order to assess the system 
 influence on current harmonic propagation measurement 
of system impedances has been carried out.  
 
Figure 1:  Doubly fed induction generator 
The current harmonic propagation limits defined in 
[12] also bear reference to grid impedances. A grid 
impedance analyzer allowed grid impedance vs. 
frequency estimation up to 10 kHz. Fig. 2 shows grid 
impedances of three phases seen from pcc. Visible are 
unsymmetrical conditions at pcc, especially for higher 
frequencies. 
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Figure 2:  Grid impedance vs. frequency at a time instant 
2.2 Wind Turbine 
The wind turbine was modeled with a separately 
excited 30 kW DC machine. Torque and angular 
velocity could be set in a controlled manner in 
accordance to speed-torque characteristic of a real three 
blade rotor adapted for steady state operation of the 5 
kW DFIG model. At a given wind speed there is an 
optimal angular velocity at which the maximum 
mechanical power is available [3]. Usually the 
maximum mechanical power should be fed in the 
induction generator and transferred into the grid. That 
implies an exact speed-power or respectively speed-
torque operational characteristic of the DFIG. The 
characteristic shown in Fig.3 was obtained through data 
scaling of a real 5 MW rotor and necessary adoption of 
number of poles and gear box translation to the 
laboratory model.  
2.3 Rectifier and Inverter Control  
In the rotor circuit [13] two IGBT pulse width 
modulated converters are installed. A stator flux 
oriented vector control strategy has been applied to 
control the active and reactive power output of the 
DFIG. Practical realization of the control scheme 
required measurement of stator side voltages and 
currents, rotor side currents and grid side converter 
currents. 
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Figure 3:  The speed-torque characteristic of a three blade 
rotor simulated with DC machine. 
The schematic electrical control blocks of the wind 
turbine are shown in Fig. 4.  
The DFIG control consists of two cascaded control-
loops, connected with the rotor side and grid side 
converters respectively.  
The rotor side converter controller cascade tries to 
maintain the active and reactive power at a predefined 
level. The first block, the power-controller, compares 
the set and actual values of active and reactive power. 
Its output, the set values of id and iq are compared in the 
second block with the actual id and iq values. The second 
control block outputs the desired voltages of the rotor 
side rectifier. 
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Figure 4:  The structure block diagram of DFIG control 
The grid side converter controller cascade regulates 
the intermediate circuit voltage and the grid side 
reactive power in the rotor circuit. The reactive power 
controller compares the set and actual reactive power 
values and outputs the set id value. The intermediate 
circuit voltage controller compares the set and actual 
value of intermediate circuit voltage and outputs the iq 
value. The final block compares set and actual id and iq 
values and outputs desired voltages of the gird side 
rectifier. 
 2.4 Filter and Transformer 
A passive filter scheme (LCL – inductance 
capacitance inductance) was installed behind the grid 
side converter to minimize harmonic distortion 
introduced in the grid. The filter components parameters 
were settled with accordance to grid and transformer 
inductances and converter characteristic.  
The Y/Y 230/100 V not grounded transformer was 
used to match the converter voltage level with the low 
voltage grid. 
3 PRONY ALGORITHM 
The Prony method is a technique for modeling 
sampled data as a linear combination of exponential 
functions [14]. Although it is not a spectral estimation 
technique, the Prony method has a close relationship to 
the least squares linear prediction algorithms used for 
AR and ARMA parameter estimation. Prony method 
seeks to fit a deterministic exponential model to the data 
in contrast to AR and ARMA methods that seek to fit a 
random model to the second-order data statistics. 
Assuming N complex data samples the investigated 
function can be approximated by p exponential 
functions 
can be approximated by p exponential functions: 
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where 
1,2,...,n N= ,  pT  - sampling period,  kA  - amplitude, 
kα  - damping factor, kω  - angular velocity, kψ  - initial 
phase. 
The discrete-time function may be concisely expressed 
in the form 
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The estimation problem is based on the minimization 
of the squared error over the N data values 
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This turns out to be a difficult nonlinear problem. It 
can be solved using the Prony method that utilizes linear 
equation solutions. 
If as many data samples are used as there are 
exponential parameters, then an exact exponential fit to 
the data can be made. 
Consider the p-exponent discrete-time function: 
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The p equations of (5) may be expressed in matrix 
from as: 
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The matrix equation represents a set of linear 
equations that can be solved for the unknown vector of 
amplitudes. 
Prony proposed to define the polynomial that has the 
exponents as its roots: 
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The polynomial may be represented as the sum: 
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Shifting the index on (5) from n to n-m and 
multiplying by the parameter a[m] yield: 
[ ] [ ] 1
1
[ ]
p
n m
k k
k
a m x n m a m h z − −
=
− = ∑  (19) 
Equation (9) can be modified into: 
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The right-hand summation in (10) may be recognized 
as a polynomial defined by (8), evaluated at each of its 
roots yielding the zero result: 
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The equation can be solved for the polynomial 
coefficients. In the second step the roots of the 
polynomial defined by (8) can be calculated. The 
damping factors and sinusoidal frequencies may be 
determined from the roots kz . 
For practical situations, the number of data points N 
usually exceeds the minimum number needed to fit a 
model of exponentials, i.e. 2N p> . In the 
overdetermined data case, the linear equation (11) 
should be modified to: 
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The estimation problem is based on the minimization 
of the total squared error: 
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 4 ESPRIT METHOD 
 
ESPRIT method belongs to the subspace parametric 
spectrum estimation methods. It allows determining the 
parameters of harmonic components with high accuracy. 
It is based on eigenvector decomposition of the 
autocorrelation matrix of the signal where define two 
subspaces (signal and noise subspaces) are defined. The 
rotational invariance between both subspaces allows 
extracting of the parameters of spectral components 
present within the investigated waveform [16]. 
The assumed signal model is the following: 
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where [ ]w n  represents additive noise. The 
eigenvectors U of the autocorrelation matrix of the 
signal define two subspaces (signal and noise subspaces) 
by using two selector matrices 1Γ  and 2Γ . 
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The rotational invariance between both subspaces 
leads to the equation: 
1 2=S ΦS                                               (25) 
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The matrix Φ  contains all information about M 
components’ frequencies. Additionally, the TLS (total 
least-squares) approach (applied for solving of (16) for 
Φ ) assumes that both estimated matrices S can contain 
errors and finds the matrix Φ  as minimization of the 
Frobenius norm of the error matrix. 
 
 
5 MEASUREMENT AND ANALYSIS 
During the sub and super synchronous mode 
measurements were done at three points of the DFIG 
system indicated in Fig.1. Currents were captured at pcc 
and additionally at rotor and grid side converter leads. 
The measurements were carried out during steady state 
operation. The power quality recorder used enabled the 
capture of currants and voltages with sampling 
frequency of 10 kHz. Additionally, power factor, active 
and reactive powers were observed to ensure desired 
generation conditions of the DFIG. 
5.1 Sub Synchronous Mode 
The measurements in sub synchronous mode 
correspond with the point fixed at 1401 rpm on the 
speed-moment characteristic of the wind turbine 
(Fig. 3). The 1028 W of the mechanical part could be 
not measured at the pcc side due to losses. Accordingly 
to (10) in sub synchronous mode the stator active power 
is compensated in part by the active power in rotor 
circuit. 
The control system (Fig. 4) set values are 
summarized in Table 1. 
 
Active Power Stator -1106 W 
Reactive Power Stator -200 var 
Intermediate Circuit Voltage 200 V 
Reactive Power Rotor 0 var 
Table 1:  Set values of the control system at 1401 rpm and 
power factor near to one. 
The mean active power value introduced into the grid 
at pcc was significantly smaller, about 710 W. The total 
losses included losses caused by protection devices, 
converter, transformer and LCL filter. Alone, the active 
power introduced in the rotor circuit of the induction 
machine was about 287 W. 
Typically, the power factor at pcc during the 
operation of a wind generator should be equal to one. 
Due to unsymmetrical conditions highest accessible 
power factor was about 0.94. 
Fig. 5 depicts the three phase current supplied into 
the grid, sampled with 10 kHz. 
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Figure 5:  Three phase current mesured at pcc 
Spectral components were obtained using a 
windowed signal with the length adapted to ten periods 
of fundamental 50 Hz component. 
Fig. 6 shows the current measured at pcc in phase one 
and approximated with a Prony model. Following 
figures depicts the FFT spectrum (Fig. 7) and spectral 
components computed with Prony algorithm (Fig 8).  
With a view to the harmonic components the 
magnitude axis was zoomed, so the 50 Hz fundamental 
part of ca. 1.5 A is not visible. The typical harmonics 
components, e.g. of order 3, 5, 7, were computed wit 
similar magnitudes by both methods. Prony however 
gave more information regarding interharmonic 
components. Detailed information on most significant 
components around 200 Hz is given in Tab. 2. 
Additionally, the components about 200 Hz are 
zoomed and depicted in Fig. 9 and Fig. 10. 
Besides characteristic harmonics the interharmonics 
are visible.  
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Figure 6:  The measured and approximated current in phase 
one 
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Figure 7:  The FFT transform of the current signal 
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Figure 8:  Spectral estimation of current with Prony model 
. 
The analysis using the ESPRIT method (Fig. 11) 
delivered appropriate values of harmonics. However this 
method indicated interharmonic components about 200 
Hz, signal parameters values (Table 3) differ slightly 
form those obtained by Prony and Fourier analysis.  
 
Frequency [Hz] Amplitude [A] 
50.12 1.485 
98.02 0.095 
150.18 0.104 
187.08 0.052 
207.98 0.073 
250.16 0.273 
Table 2:  The harmonic components in current obtained by 
Prony method 
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Figure 9:  Current components obtained with Prony for 
frequencies about 200 Hz 
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Figure 10:  Current components obtained with FFT for 
frequencies about 200 Hz. 
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Figure 11:  Analysis done by ESPRIT algorithm. 
 
 Frequency [Hz] Amplitude [A] 
149.65 0.985 
196.88 0.033 
225.46 0.055 
249,72 0.248 
Table 3:  Interharmonic components in current obtained by 
ESPRIT 
5.2 Super Synchronous Mode 
The operating point in super synchronous mode was 
also predefined by the speed-moment characteristic 
(Fig. 3). The power of the wind turbine itself was 
2.9 kW at 1617 rpm. Contrary to sub synchronous mode 
the active power is fed into the gird on stator and rotor 
side (10). The control system (Fig. 4) set values are 
summarized in Table 4. 
Active Power Stator -2800 W 
Reactive Power Stator -350 var 
Intermediate Circuit Voltage 200 V 
Reactive Power Rotor 0 var 
Table 4:  Set values of the control system at 1617 rpm and 
power factor near to one. 
The power factor was also kept possibly near one and 
was equal to 0.96. No higher value was achievable in 
unsymmetrical conditions. 
Fig. 12 shows the measured and approximated 
current in phase one. The discrepancy between 
measured and approximated signal is smaller, than in 
sub synchronous mode. 
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Figure 12:  The measured and approximated current in phase 
one 
Fig. 13 shows the FFT transform and Fig. 14 Prony 
analysis of the current with interharmonic component 
visible. These components are different from those 
obtained in sub synchronous mode and significantly 
smaller in amplitude, therefore more difficult to identify. 
Some parameters of the current signal are given in 
Table 5. 
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Figure 13:  The FFT transform of the current signal 
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Figure 14:  Spectral estimation of current  with Prony model 
Frequency [Hz] Amplitude [A] 
50.02 5.398 
74.79 0.214 
102.54 0.215 
128.41 0.029 
150,09 0.142 
190.20 0.031 
211.78 0.023 
249.90 0.168 
273.88 0.108 
297.89 0.051 
349.34 0.047 
373.88 0.060 
382.35 0.122 
597.86 0.041 
Table 5:  Harmonic components in current obtained by Prony 
Fig. 15 shows the spectral parameters, obtained with 
ESPRIT method, which are also given in Table 6. Those 
parameters correspond with signal parameters obtained 
with Prony method (Table 5). Characteristic is the high 
content of interharmonics. The ESPRIT method seemed 
to have lower frequency resolution then Prony, some 
frequencies were skipped or merged.  
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Figure 15:  Current analysis with ESPRIT 
Frequency [Hz] Amplitude [A] 
50.23 5.085 
74.75 0.364 
108.42 0.115 
150.80 0.198 
249.25 0.269 
273.24 0.199 
297.61 0.085 
352.70 0.101 
376.49 0.085 
597.34 0.103 
Table 6:  Harmonic components in current obtained by 
ESPRIT 
6 CONCLUSION 
Currents fed into the grid by the investigated DFIG 
system have a considerable harmonic content. 
Uncharacteristic harmonics and interharmonics were 
observed. Unfortunately, interharmonics are often not 
taken into account during power quality compatibility 
tests of wind generator systems. Interharmonics may 
cause unexpected resonances, damage capacitors, 
insulation and various control and protection devices. 
Monitoring and accurate estimation of power quality 
parameters is a crucial issue in guaranteeing reliable and 
save operation of a power system with wind generation. 
That’s also an important prerequisite for an adequate 
proposal of harmonic mitigation systems. 
Applied spectral estimation methods, showed high 
content of interharmonics in the currents. Nevertheless, 
the Prony Method delivered most satisfactory results. 
Especially in comparison to traditional Fourier analysis, 
the Prony Method shoved better resolution and was 
applicable for decaying signals. Higher harmonic 
content in sub synchronous than by super synchronous 
mode is caused by extensive use of the converter. Super 
synchronous mode is possible without converter. The 
computed amplitudes and frequencies of spectral 
components varied, depending on the generation mode 
of the investigated DFIG system. Assumingly, 
nonsymmetrical conditions regarding grid impedances 
and voltages intensified the harmonic distortion caused 
by wind generator. In consequence, practical evaluation 
of harmonic content in wind generation system should 
be done over a long period of time covering various 
parameters of the generation unit and the grid. 
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